ABSTRACT This paper presents a performance improvement potential analysis of a booster-assisted ejector refrigeration system. Both conventional and advanced exergy analysis methods are used to obtain detailed information about the interactions among system components and the real improvement potential of the system. The results show that 61.6% of the system exergy destruction is caused by the components themselves. Furthermore, 55.5% of the overall exergy destruction can be avoided by improving component efficiencies. The ejector has the highest improvement priority, followed by the booster and the condenser. The influences of operational conditions on the ejector performance are also discussed. The avoidable exogenous part in ejector exergy destruction could be reduced by increasing the temperature of the motive flow, increasing the discharge pressure of the booster or decreasing the inlet water temperature in the condenser.
I. INTRODUCTION
A relatively low coefficient of performance (COP) has impeded the wide application of ejector refrigeration systems (ERSs) for a long time [1] - [3] . One of the main reasons for this issue is because of the difficulty in improving ejector performance with relatively low suction pressure. Major performance improvements may be achieved by increasing the ejector suction pressure, as proved by many experimental and simulation results [4] , [5] .
A booster-assisted ejector refrigeration system (BERS) was proposed by Sokolov in 1990 [6] . A booster is added between the ejector and evaporator to enhance ejector performance in the ejector refrigeration system (ERS). However, the mutual influence between the booster and the ejector increases the complexity of the refrigeration cycle. Continuous efforts have been made to analyze the system mechanism and improve the system performance. Zhao et al. [7] investigated the thermodynamic characteristics of a booster-assisted ejector refrigeration system under different booster discharge pressures. The simulation results showed that the entrainment ratio of the ejector increases with increasing discharge pressure. Wang et al. [8] experimentally investigated the performance of a booster-assisted ejector refrigeration system using R134a. The consequence showed that the COP improvement
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is approximately 34% compared with a traditional ejector refrigeration system.
As mentioned above, current studies of BERSs are mainly focused on the relation between the operational conditions and performance of the refrigeration system. Few works analyze the inherent relations among system components. Furthermore, the maximum improvement potential of the BERS is not given in previous studies. Hence, the advanced exergy analysis method is used to quantify the internal relationship among system components and to calculate the irreversible loss, which cannot be avoided.
In the advanced exergy analysis method [9] - [11] , the exergy destructions of system components are split into endogenous/exogenous parts or unavoidable/avoidable parts. Thus, advanced exergy analysis results can give more detailed information about the system exergy destruction sources and the interactions among system components. In recent years, this method has been widely used in the analysis of refrigeration systems. Bai et al. [11] carried out an advanced exergy investigation on a transcritical R744 refrigeration system with ejector expansion and found that 85.65% of the system exergy destruction is endogenous at the design point. Chen et al. [12] noted that mutual interdependencies of system components are strong for ejector refrigeration systems because 46.6% of the total exergy destruction is caused by the interactions among components. Gullo et al. [13] presented a parallel compression refrigeration system with the advanced exergy analysis. The results revealed that 58.6% of the system exergy destruction could be reduced when the outdoor temperature is 298.15 K. Morosuk and Tsatsaronis [14] performed an advanced exergy analysis on a vapor compression refrigeration system using different refrigerants and noted that the evaporator should be improved first.
It could be concluded that the advanced exergy analysis results are different for various refrigeration systems. The system optimization strategy should be designed based on the specific characteristics of the system. To the authors' knowledge, there have been few works on the advanced exergy analysis of the booster-assisted ejector refrigeration system. In this paper, both the conventional and advanced exergy analysis methods are used to investigate the exergetic performance of a booster-assisted ejector refrigeration system. The main contributions of this paper are listed as follows: 1. The effect of the booster discharge pressure on system performance is discussed.
2. Advanced exergy analysis results are given to show the real improvement potential of the refrigeration system.
3. The effects of the operational conditions on the ejector exergetic performance are discussed.
II. SYSTEM DESCRIPTION
The schematic diagram and the T-s diagram of the BERS are displayed in the Fig. 1 and Fig. 2 , respectively. A booster is added between the evaporator and the ejector to enhance the suction pressure of the ejector. Liquid refrigerant with a relatively low pressure evaporates in the evaporator and is compressed in a booster. The discharged flow is sucked into an ejector as the secondary flow and is then mixed with the primary flow, which is supplied by the generator. The mixed flow enters the condenser where it becomes a high-pressure liquid. To complete the refrigeration system cycle, parts of the liquid are pumped into the generator and are gasified by absorbing the low-grade energy. The remaining liquid decompresses by passing through the throttle valve and enters the evaporator.
III. METHODOLOGY A. THERMODYNAMIC MODEL OF THE BOOSTER-ASSISTED EJECTOR REFRIGERATION SYSTEM
To simplify the advanced exergy analysis of the BERS, several assumptions are made as follows:
1. The thermodynamic properties of the working fluid are obtained by the real fluid model [15] . The flow is onedimensional and steady in the system components. The flow velocities at both the inlet and outlet of the components are neglected.
2. Pressure drops and heat losses are neglected in both the heat exchangers and the connecting pipes. Pinch temperature differences, T ge , T ev and T co , are introduced to determine the operational conditions of the heat exchangers.
3. Adiabatic compression occurs in the booster, and η bo is introduced to express the irreversibility.
4. An adiabatic and isenthalpic process occurs in the throttling valve.
5. A ''hypothetical throat'' exists inside the constant area mixing chamber [16] . As shown in Fig. 1 , the primary and secondary flows begin to mix at the cross section 3-3 under a uniform pressure. The final shock wave occurs at the cross section 5-5 [17] . Four different efficiencies, η s , η s , η p3 and η m , are introduced to account for the irreversibility [18] .
6. The fluids at the outlet of the condenser and generator are saturated, and the fluid superheat level at the evaporator outlet is fixed at 5 K to ensure normal operation of the booster.
7. R600a is used as the refrigerant, and water is used as the brine side fluid.
8. The refrigerating capacity of the total system is constant. 9. The reference pressure and temperature are set as 101.32 kPa and 298.15 K, respectively. Thermodynamic models of the system components are listed in Table 1 . It can be seen that the entrainment ratio of the ejector ω is the key parameter in the system analysis. In this paper, a real gas model proposed by Chen et al. [15] is used to calculate the ejector performance. Detailed information of the ejector model is shown in Fig. 3 . 
The coefficient of performance (COP) is
B. TRADITIONAL EXERGETIC MODEL By neglecting the physical exergy, chemical exergy and kinetic exergy, the exergy of the flowĖ is written aṡ
Furthermore, e PH can be split into mechanical exergy e M and thermal exergy e T .
The exergy destruction is defined aṡ whereĖ F is the exergy of fuel andĖ P is the exergy of product. Detailed information about the fuel and production exergy for different components is shown in Table 2 . The exergy efficiency ε k and exergy destruction rate φ k are used to evaluate the exergetic performance of system components.
For the overall system, the exergy balance equation can be derived asĖ
whereĖ L is the exergy transferred to the ambient.
C. ADVANCED EXERGETIC MODEL
By splitting the exergy destruction into endogenous/ exogenous and unavoidable/avoidable parts, advanced exergetic analysis can give accurate numerical results to evaluate the interrelations among components and reveal the real improvement potential of the refrigeration system. The detailed principles of the advanced exergy analysis method have been given in many previous studies [19] , [20] ; hence, VOLUME 7, 2019 only the basic formulas of the advanced exergetic model are introduced in this paper. The exergy destruction of the k-th component can be rewritten aṡ 
IV. RESULTS AND DISCUSSION
The design parameters of the refrigeration system are shown in Table 3 , and the detailed operational conditions for the real, ideal and unavoidable cycles are shown in Table 4 . A. INFLUENCES OF THE BOOSTER DISCHARGE PRESSURE P 2 ON THE SYSTEM PERFORMANCE Table 3 gives all the design parameters except the booster discharge pressure. To obtain a suitable discharge pressure, the relationship between the system performance and the booster discharge pressure is discussed in this subsection. As shown in Fig. 5 , with increasing discharge pressure P 2 , COP is increased. COP is improved 125% by increasing the booster discharge pressure from 302 kPa to 404 kPa. However, improvement of the system performance is at the expense of increased electrical consumption. When the discharge pressure is 404 kPa, the electrical consumption of the total system is increased to approximately 1460 W. Hence, it is impossible to obtain high system performance and low electrical consumption at the same time. In this paper, a median value 350.67 kPa is used during the conventional and advanced exergy analysis processes. that the system exergy efficiency of the refrigeration system is relatively low. When the discharge pressure of the booster is 350.67 kPa, the exergy efficiency of the overall system is only 0.095. To further improve the system performance, it is necessary to analyze the relations among system components and determine the main sources of exergy destruction.
B. CONVENTIONAL EXERGY ANALYSIS
The conventional exergy analysis result is shown in Table 5 . It is clearly shown that the largest exergy destruction occurs in the ejector; 47.4% of the system exergy destruction is caused by the ejector. The generator has secondary largest exergy destruction, followed by the condenser and the booster. The other components, such as the evaporator and the throttle valve, only have relatively small exergy destructions. Hence, the performance of the ejector should be improved primarily, followed by the generator and condenser. Table 6 shows the advanced exergy analysis results. First, the exogenous and enogenous exergy destructions of different system components are given in the third and fourth columns, respectively. For the ejector, booster, evaporator and throttle value, the values of the enogenous exergy are larger than those of the exogenous exergy. Thus, the exergy destruction occurring in these components is mainly caused by the components themselves. For the other components, such as the generator and the condenser, the main source of the exergy destruction is the interactions among the components. Furthermore, the total exogenous exergy destruction accounts for 38.4% of the system exergy destruction. This result illustrates that the inner relations among system components should be considered during system design and optimization.
C. ADVANCED EXERGY ANALYSIS
The values of unavoidable and avoidable parts are shown in the fifth and sixth columns, respectively. There is massive refrigeration system improvement potential because 55.5% of the total system exergy destruction belongs to the avoidable part. It is also found that the unavoidable exergy destructions that occur in the generator and the throttle valve are significantly larger than the avoidable parts. Especially for the generator, the value of the unavoidable exergy destruction is 569.541 W, which accounts for 34.3% of the unavoidable exergy destruction of the overall system.
To obtain more detailed information about the exergy destruction,Ė , the ejector should be improved, followed by the booster and then the condenser. However, the traditional exergy analysis results show that the order of system optimization is to improve the ejector first, followed by the generator and then the condenser. The reason for these inconsistent conclusions is twofold. First, most of the exergy destruction within the generator belongs to the unavoidable exogenous part, andĖ AV ,EN D,ge only accounts for 4.9% of the exergy destructionĖ D,ge . Second, for the booster, the value ofĖ AV ,EN D is much larger than that of the other part. Hence, the advanced exergy method can give more accurate information about the system optimization than the conventional exergy method.
In the evaporator, the avoidable exergy destruction is 56.202 W. However, the avoidable exogenous exergy destruction is negative. Thus, improving the evaporator performance is the main approach to reduce the exergy destruction within the evaporator.
D. INFLUENCES OF OPERATIONAL CONDITIONS ON THE EJECTOR PERFORMANCE
Both the conventional and advanced analysis results show that the ejector is the key component in the refrigeration system. It is necessary to investigate the relation between the operational conditions and the exergetic performance of the ejector. The thermodynamic properties of primary flow VOLUME 7, 2019 FIGURE 6. The influences of T 8 on the entrainment ratio and exergy efficiency of the ejector. are dependent on the characteristics of the motive flow, and the parameters of the secondary flow are determined by the conditions of the booster. The back pressure of the ejector is related to the running status of the condenser.
First, the effect of the motive flow temperature on system performance is analyzed. T 8 is varied from 353.15 K to 393.15 K, and other design parameters are kept constant. As shown in Fig. 6 , both the entrainment ratio and the exergy efficiency of the ejector are increasing by raising the temperature of the motive flow. By increasing T 8 from 353.15 K to 393.15 K, the entrainment ratio is increased from 0.42 to 0.99, and the exergy efficiency of ejector varies in the range of 0.15-0.20.
The advanced exergy results of the ejector under varying T 8 are displayed in Fig. 7 . For the ejector, the endogenous exergy destructionĖ
. Thus, improving the ejector performance itself is the main approach to reduce the exergy destruction of the ejector. Meanwhile, the value ofĖ exhibits an increase of 27%. To study the influence of the booster discharge pressure on ejector performance, P 2 is varied from 302 kPa to 404 kPa. The calculation results are shown in Fig. 8 and Fig. 9 . One interesting finding is that the exergy efficiency of the ejector first increases slightly and then decreases with the increasing booster discharge pressure. The exergy efficiency of the ejector reaches the maximum value at the discharge pressure of 350.67 kPa. Zhao et al. [7] proposed that a relatively high booster discharge pressure may have a negative effect on the ejector performance. In this paper, this conclusion is proved from the perspective of exergy analysis. Fig. 9 shows the effect of discharge pressure on the exergy destruction of the ejector.Ė has a relatively larger improvement potential at the lower discharge pressure. Fig. 9 also shows that the value ofĖ
is negative when the booster discharge pressure is 404 kPa. The value ofĖ D,ej may be increased by improving the other system components. To decrease the ejector exergy destruction, the ejector performance should be improved when the booster discharge pressure is relatively high.
Finally, the influence of the inlet water temperature in the condenser on the ejector performance is discussed. As shown in Fig. 10 , both the entrainment ratio and the exergy efficiency of the ejector decrease by increasing the temperature of the motive flow. Fig. 11 shows the advanced exergy analysis result for the ejector under different T 12 is increased to 1856 W. Moreover, the proportion of avoidable partĖ AV D,ej in the ejector exergy destruction is also increased by increasing T 12 . When T 12 increases from 300 K to 308 K, the share of the avoidable partĖ AV D,ej increases from 67.8% to 78%. Hence, when the condensing temperature is relatively high, the efficiency of the ejector has a large improvement potential, and the performance of other components should be improved first in order to decrease the exergy destruction of the ejector.
V. CONCLUSION
In this paper, conventional and advanced exergy analysis methods are used to analyze the improvement potential for the booster-assisted ejector refrigeration system. The main conclusions are listed as follows:
1. Although the performance of the refrigeration system increases with the booster discharge pressure, this also leads to increased electrical consumption.
2. The conventional exergy analysis result shows that the ejector has the minimum value of exergy efficiency and contributes the largest exergy destruction among all the system components. At the given operational condition, 47.7% of the system exergy destruction occurs in the ejector.
3. The interrelations of system components and the real improvement potential of the system performance are discussed based on the advanced exergy analysis method; 61.6% of the system exergy destruction is endogenous, and 55.5% of the overall exergy destruction can be avoided by increasing component efficiencies.
4. Based on the conventional exergy analysis method, the ejector should be improved first, followed by the generator and then the condenser. However, different optimization strategies are suggested from the view of the advanced exergy analysis. The order of system optimization is to improve the ejector first, followed by the booster and then the condenser. This order is because most parts of the exergy destruction in the generator belong to the unavoidable portion.
5. The share of the avoidable exogenous part in the ejector exergy destruction decreases by increasing the temperature of the motive flow, increasing the pressure of the booster or decreasing the temperature of the inlet water in the condenser. 
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